A B S T R A C T The present experiments were performed to quantify the effect of changes in distal tubular sodium delivery on glomerular flow dynamics both below and above the normal physiologic range. Glomerular capillary pressure as derived from the tubular stop flow pressure was assessed while the loop of Henle of the same nephron was perfused with varying flow rates. During Ringer perfusion no change of glomerular capillary pressure was observed when flow was increased from 0 to 13 nl/min. Further increasing flow to 27 nl/ min was associated with a reduction of glomerular hydrostatic pressure by an average of 7.0±4.4 cm H20 (+SD). During 
A B S T R A C T The present experiments were performed to quantify the effect of changes in distal tubular sodium delivery on glomerular flow dynamics both below and above the normal physiologic range. Glomerular capillary pressure as derived from the tubular stop flow pressure was assessed while the loop of Henle of the same nephron was perfused with varying flow rates. During Ringer perfusion no change of glomerular capillary pressure was observed when flow was increased from 0 to 13 nl/min. Further increasing flow to 27 nl/ min was associated with a reduction of glomerular hydrostatic pressure by an average of 7.0±4.4 cm H20 (+SD) . During perfusion at a rate of 43 nVmin glomerular pressure was decreased by a mean of 10.5±4.0 cm H20. Changing the flow rate in small steps revealed that a significant reduction of capillary pressure was found when increasing the flow rate from 13 to 21 nl/ min and that the maximum response was reached at 32 nl/min. No effect of perfusion rate changes on glomerular capillary pressure was observed when 300 mM mannitol was used as perfusion fluid. These results imply that a nonlinear relationship exists between end-proximal flow rate and glomerular capillary pressure. It is suggested that during deviations of distal sodium delivery into a positive direction filtration rate is intrarenally regulated probably by prevalence of afferent arteriolar constriction. During reductions of distal sodium load intrarenal regulation is either abolished or it involves proportionate resistance changes of both afferent and efferent arterioles.
INTRODUCTION
The mechanisms of regulation of nephron filtration rate (NGFR)1 in different states of body salt balance and during variations of arterial blood pressure are not understood in detail. Experimental evidence indicates that NGFR is in part intrarenally controlled by a tubulovascular feedback system. Thurau and Schnermann (20) and Schnermann et al. (18) have proposed that variations of sodium delivery to the macula densa region of the nephron initiate a change in vasoconstrictor tone and glomerular capillary pressure (GCP) which leads to inverse variations of NGFR. However, this concept was questioned by reports that the observed load-dependent change of NGFR could not be reproduced (10, 16) and that reduction of distal sodium delivery to zero did not measurably alter GCP (2) . Integration of these results into a valid feedback concept may be possible by an assessment of the quantitative relationship between distal sodium delivery and GCP. We therefore determined GCP by using the stop-flow pressure-technique of Gertz, Mangos, Braun, and Pagel (8) (2, 3, 7) as manufactured by Instrumentation for Physiology and Medicine, San Diego, Calif. The micropuncture pipettes used for pressure recording were filled with a 0.5 M NaCl solution stained with Evans blue. Zero pressure was set with the pipette tip in the thin layer of fluid on the kidney surface.
Three different perfusion solutions were used: (a) Ringer consisting of 136 mM NaCl, 4 mM NaHCOs, 4 mM KCI, 2 mM CaC12, 1 mM MgCl2, 7 mM urea, and 0.1 g/100 ml lissamine green; (b) 300 mM mannitol, and 0.1 g/100 ml lissamine green; (c) 70 mM Na2SO4, 2 mM K2SO4, 80 mM mannitol, and 0.1 g/100 ml lissamine green. The sequence of flow rate change was usually: 13 nl/min, 43 nl/min, 13 nl/min, 27 nl/min, 13 nl/min, 0 nl/min. In several experiments the effect of zero distal perfusion on stop-flow pressure (SFP) was studied before introducing the perfusion pipette. Perfusion rate was not changed before a constant pressure level was reached. A feedback regulated microperfusion pump of high precision was used for the microperfusion. The reproducibility of the pump system was verified by repeated calibration both in vivo and in vitro.
RESULTS
In five experiments intratubular pressure was simultaneously measured in identical tubular segments with both the servo-nulling system and the Landis technique. The following differences were noted ("Landis pressure" minus "servo-null pressure" in centimeters H20): To study the effect of changes iii oil block position on SFP the oil was deliberately shifted into an upstream direction with maximal manual force applied to the syringe barrel. The displacement of the oil thus produced was about 10-20 times the normally occurring fluctuations.
However, the high viscosity of the oil permitted only a rather slow motion so that SFP never increased by more tlan 1 cm H20, a pressure which rapidly fell to the original value when the block was kept at its new position.
The changes in SFP during perfusion with Ringer's solution at varying flow rates are listed in Table I . During zero distal perfusion SFP averaged 53.3± 5.2 cm H20 (+SD). When perfusion was increased to 13 nl/min-corresponding roughly to the normal endproximal flow rate-no significant change of GCP was noted.2 However, during perfusion at a rate of 27 nl/min GCP was diminished by an average of 7.0±4.4 cm H20 (P < 0.001). A further, but relatively smaller fall in GCP by 10.5±4.0 cm H20 was observed when perfusion rate was elevated to 43 nl/min. The sequence of perfusion rate changes did not influence the effect of GCP. GCP decrease was observed in every single tubule at both 27 and 43 nl/min although the magnitude of the pressure change varied considerably. A representative recording is demonstrated in Fig. 1 . Shortly after increasing the flow rate SFP falls rapidly to the new level. The time lag between the change of perfusion rate and the reaction onset corresponds approximately to the loop passage time (17) . Usually the return to the original SFP occurred slower than the pressure fall. In some experiments where perfusion rate was kept constant at a high level for periods up to 10 min no indication of an adaptation of the GCP response was noted. During zero or low flow rates SFP appeared to change parallel to spontaneous fluctuations of arterial blood pressure while at higher flows such pressure changes did not affect SFP. Since GCP equals the sum of SFP and colloid osmotic pressure (COP) and since glomerular capillary COP is unchanged during application of the stop-flow technique, any change in SFP directly reflects changes in GCP. To obtain GCP in absolute terms one has to augment SFP by the oncotic pressure of 6.4 g/100 ml of protein which is the protein concentration in the pooled plasma of 21 rats as determined by the Lowry method. The results thus permit to draw several conclusions concerning existence and operation of tubuloglomerular feedback in the single nephron unit. It appears to be beyond doubt that when elevating Ringer perfusion rate from normal to supranormal, a flow-dependent signal is sensed at distal tubular sites which elicits changes in glomerular arteriolar tone, The fall of GCP under these conditions provides one hemodynamic explanation for our earlier observations (18) that increased distal sodium delivery leads to a reduction of NGFR. That GCP and NGFR are interrelated is also supported by the absence of an effect of mannitol perfusions on both GCP and NGFR (18) . This does not preclude the possibility that a reduction of plasma flow might at the same time affect the rate of ultrafiltration if indeed the hemodynamic alterations are accompanied by diminished glomerular plasma flow. Our studies do not contribute to clarifying the exact nature of the input signal and of the mediating mechanism, but support the concept that the amount of sodium delivered to the macula densa site initiates a regulatory process which induces changes in vasomotor tone by mediation of the renin angiotensin system (19) .
The most striking result of this study is the finding that nonlinearity of GCP and loop perfusion rate is a characteristic of tubuloglomerular feedback (Fig. 2) . A similar nonlinearity exists when GCP is related to distal sodium load or sodium concentration as previously determined (18) . A significant change in GCP was discovered when the flow rate was elevated from 13 to 21 nl/min. Although free flow end-proximal flow rates were not assessed in these rats it is clear that this range corresponds closely to the normal end-proximal flow rates during hydropenia as measured in numerous studies (for reference see 23). Thus, a perceptible response of GCP is established when end-proximal flow rates just tend to exceed physiological values. The maximum fall in GCP was reached at a perfusion rate of 32 nl/ min. In accordance with the result of Blantz et al. (2) no change of GCP was discovered when flow rates were decreased below normal. Identical results were recently reported by Hierholzer, Butz, Mueller-Suur, and Lichtenstein (12) . The reasons for the asymmetric behavior of GCP are not clear and need further investigative effort. It appears that the mechanisms of regulation of GCP are different for positive or negative deviations from normal of the sensed parameter. During flow elevation a predominant vasomotion of either afferent or efferent arterioles induces a reduction of GCP. Afferent vasoconstriction seems more plausible because the concomitant fall in glomerular plasma flow would potentiate the effect of the fall in GCP. If the renin-angiotensin system is a constituent of the mediating mechanism, an afferent site of action is indeed suggested by the result of Thurau and co-workers (21) that injection of isotonic NaCl solutions into single distal tubular segments leads to an activation of renin within the juxtaglomerular complex of the same nephron unit. During flow reduction, on the other hand, glomerular arteriolar tone is either unchanged or afferent and efferent resistance decreases proportionately with a concomitant increase of plasma flow. Determination of NGFR within the low perfusion range would permit to differentiate between these two possible effects. In the former case, NGFR should remain constant, while in the latter NGFR should increase as a consequence of increased glomerular plasma flow without change of GCP as recently suggested (2, 6) . The dependency of NGFR upon perfusion rate as reported by Schnermann et al (18) does not discriminate between these possibilities since in the group of rats on a comparable diet flow rates were seldom varied below 15 nl/min, i.e., below the physiological range.
Until this question is solved we tend to believe that arteriolar tone as governed by tubular signals is set closely to the minimal resistance at normal flow rates. At subnormal flows glomerular filtration dynamics appear to escape intrarenal regulation and systemic influences may be dominant. It is consistent with this cQncept that during zero or low distal flow rates GCP was observed to change parallel to spontaneous changes in arterial blood pressure. Our results suggest that in a state of normal salt balance GFR is intrarenally controlled whenever systemic influences such as increased blood pressure cause a deviation into positive direction.
In contrast, GFR may not be maintained when it tends to fall, as for example during circulatory hypovolemia.
The significance of such biphasic characteristics of intrarenal regulation for salt homeostasis is teleologically immediately apparent. One may anticipate that the sensitivity of GCP to changes in distal sodium delivery varies during different states of body salt balance.
